In Pt-transition metal (TM) alloy catalysts, the electron transfer from the TM to Pt is retarded owing to the inevitable oxidation of the TM surface by oxygen. In addition, acidic electrolytes such as those employed in fuel cells accelerate the dissolution of the surface TM oxide, which leads to catalyst degradation. Herein, we propose a novel synthesis strategy that selectively modifies the electronic structure of surface Co atoms with N-containing polymers, resulting in highly active and durable PtCo nanoparticle catalysts useful for the oxygen reduction reaction (ORR). The polymer, which is functionalized on carbon black, selectively interacts with the Co precursor, resulting in Co-N bond formation on the PtCo nanoparticle surface. Electron transfer from Co to Pt in the PtCo nanoparticles modified by the polymer is enhanced by the increase in the difference in electronegativity between Pt and Co compared with that in bare PtCo nanoparticles with the TM surface oxides. In addition, the dissolution of Co and Pt is prevented by the selective passivation of surface Co atoms and the decrease in the O-binding energy of surface Pt atoms. As a result, the catalytic activity and durability of PtCo nanoparticles for the ORR are significantly improved by the electronic ensemble effects. The proposed organic/inorganic hybrid concept will provide new insights into the tuning of nanomaterials consisting of heterogeneous metallic elements for various electrochemical and chemical applications.
INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) are promising green energy conversion devices because they convert hydrogen gas directly into electricity without emitting pollutants. 1 However, large quantities of precious Pt catalysts are required to fabricate PEMFCs with high electrochemical catalytic efficiency because the oxygen reduction reaction (ORR) at the cathode has a high overpotential, even on a Pt catalyst. [2] [3] [4] [5] Improving the fuel cell efficiency by simply increasing the Pt loading in the cathode is difficult because the use of a thick electrode concomitantly leads to other resistances such as concentration and internal resistances. 6, 7 Therefore, to simultaneously decrease the use of Pt and enhance the intrinsic catalytic activity, transition metals (TMs) have been alloyed with Pt to produce bimetallic PtM (where M = Co, Fe or Ni) catalysts, which can be used as cathode materials for fuel cells. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The TMs are incorporated into the Pt lattice during nanoparticle synthesis, which causes compressive strain in the lattice and thereby decreases the Pt lattice constant. [9] [10] [11] [12] [13] [14] It is also wellknown that electrons are transferred from the TMs to the Pt owing to the difference in their electronegativities. For example, Pt and Co have electronegativity values of 2.28 and 1.88, respectively. Owing to the high electronegativity difference (0.4) between them, some of the electrons in Co can transfer into the d-orbital of Pt, which could result in filling the Pt d-band and downshifting the d-band center energy. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] As a result, the binding energy between the surface Pt and the O species (reaction intermediates such as -OOH and -OH) is weakened. These alloying effects of TMs have been described in many scientific reports using density functional theory (DFT) calculations. 1, 5, 13, 17, 19 However, despite the development of state-of-the art synthesis methods, PtM nanoparticles that match the high ORR activities expected from theoretical calculations have not been synthesized. Furthermore, the synthesized PtM nanoparticles have exhibited variability in the absolute ORR activity values, depending on the surface structures. 1, 5, 12, 20 Although there are various reasons for the mismatch between the practical and theoretical ORR activities, mainly stemming from the various assumptions made regarding the catalyst surface structures in the DFT calculations, we think that one of the most important issues may be the change in the Pt electronic structure caused by the TM oxides on the nanoparticle surfaces. On a real PtM nanoparticle surface, the high oxophilicity of TM atoms encourages the formation of surface oxides when the PtM alloy catalysts are fabricated by solution-based synthesis methods or when they are exposed to oxygen (or air) and water vapor in ambient air. [21] [22] [23] [24] [25] In fact, X-ray photoelectron spectroscopy (XPS) has confirmed that surface TM oxides with various oxidation states are produced by the interaction of the TMs with O species during the PtM nanoparticle synthesis, which affect the ORR activity of the surface Pt atoms that function as active sites. [23] [24] [25] In addition, the surface TM oxides are rapidly dissolved when the PtM nanoparticles are used as catalytic cathodes in acid electrolytes for ORR. 5, [26] [27] [28] These electrochemical and chemical dealloying phenomena are widely known to be critical factors for catalyst degradation.
On the other hand, surface-dealloyed PtM nanoparticles with Pt-skeleton or Pt-skin surfaces generated through elaborate surface modification techniques have shown enhanced ORR activities compared with the activities of as-prepared PtM catalysts owing to the removal of the inactive TM oxides from the surfaces during the dealloying process. [29] [30] [31] [32] [33] [34] However, the synthesis methods for Pt-skeleton and Pt-skin surfaces are very complicated and need to be performed very carefully, because they involve multiple steps such as acid and heat treatments and surface-sensitive techniques. Therefore, it would be scientifically much more useful to simultaneously control the electronic structure of the surface Pt and prevent surface TM oxide formation in a one-pot synthesis method for PtM alloy nanoparticles.
When the TM atoms on PtM nanoparticle surfaces are oxidized by O species, the electronic structures of the TMs are likely to be considerably altered by the anionic characteristics of the O species. 35, 36 Because the surface TM atoms already lose many electrons to O, which has a much higher electronegativity (3.44) than Pt (2.28), the difference in the electronegativities between the Pt and TM atoms becomes small owing to the competitive electronic rearrangement among the Pt, TM and O species. 37 The lower electronegativity difference between Pt and the TM may result in a decrease in the number of electrons transferred from the TM to Pt on the PtM nanoparticle surface. Therefore, despite the great benefits of PtM alloying, the PtM nanoparticles are likely to lose their high intrinsic surface catalytic properties because the Pt receives fewer electrons from the TM atoms owing to the presence of surface O.
However, in practice, it is difficult to prevent the surface TM atoms from being naturally oxidized in air or acidic electrolytes without using additional blocking materials. Accordingly, to increase the electron transfer from TM to Pt, it is necessary to intentionally attach atoms such as N that have lower electronegativities (the electronegativity of N is 3.04) to the surface TM atoms instead of the highly electronegative O species. 38, 39 Simultaneously, the surface Pt atoms should be selectively protected from interacting with additional materials because these atoms provide electrochemically active sites for the ORR on the surface of PtM alloy nanoparticles.
Herein, we have developed a highly active and durable carbonsupported PtCo alloy nanoparticle (PtCo/C-PNIPAM) using poly (N-isopropylacrylamide) (PNIPAM)-functionalized carbon (C-PNIPAM) as a support material to selectively modify the surface of the Co atoms with N moieties as shown in Figure 1 . The electronic structures of Pt and Co were dramatically changed by the selective interaction of PNIPAM with Co. We measured the ORR activity and durability of the catalyst materials and compared them with traditional PtCo/C catalysts that were not modified with PNIPAM. In addition, we have elucidated the enhancements of the ORR activity and durability of the new material via DFT calculations.
MATERIALS AND METHODS

Preparation of C-PNIPAM
C-PNIPAM was prepared via the chemical reaction between carbon black (Vulcan XC-72R, Cabot, Boston, MA, USA) and amine-terminated PNIPAM (NH 2 -PNIPAM, average M n = 5500, Sigma-Aldrich, St Louis, MO, USA). Carbon black (0.3 g) and NH 2 -PNIPAM (0.4 mmol) were mixed together in an acid solution with a pH of 1.6, which was composed of 300 ml ethanol (Sigma-Aldrich) and 0.6 ml HClO 4 (Sigma-Aldrich). The carbon black was dispersed in the solution by sonication for 30 min, and the solution was further stirred for 30 min at room temperature. Next, 0.4 mmol 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Fluka) was introduced into the vigorously stirred solution to catalyze the amide reaction between the -COOH on the carbon surface and the -NH 2 belonging to NH 2 -PNIPAM. After the amide reaction with EDC for 12 h, the solution was washed with an excess of deionized water and then filtered. The filtered C-PNIPAM was dried at 60˚C and subsequently ground in a mortar to obtain a C-PNIPAM powder.
Catalyst preparation
Catalysts with 40 wt.% PtCo/C-PNIPAM were synthesized using C-PNIPAM as a support material. After 0.15 g C-PNIPAM was dispersed in ethanol (300 ml) for 1 h, PtCl 4 (0.4 mmol; Sigma-Aldrich, St Louis, MO, USA), CoCl 2 ·6H 2 O (0.4 mmol; Sigma-Aldrich) and sodium acetate (8 mmol; Sigma-Aldrich) were added into the C-PNIPAM/ethanol solution with vigorous stirring. NaBH 4 (Sigma-Aldrich) was then quickly introduced into the solution as a reducing agent. The resultant solution was stirred for 4 h to complete the reaction. Finally, the solution was washed with an excess of ethanol and deionized water, and the PtCo/C-PNIPAM was filtered and dried in an oven at 60°C. In the case of PtCo/C, bare carbon black was used as the support material. PtCo/C was prepared using the same materials (except for the addition of the carbon support) and procedure as for the PtCo/C-PNIPAM. PtCl 4 (0.2 mmol) was used as the Pt precursor to obtain 20 wt.% Pt/C and Pt/C-PNIPAM, whereas CoCl 2 ·6H 2 O (0.64 mmol) was used as the Co precursor for 20 wt.% Co/C and Co/C-PNIPAM. While bare carbon black served as the support material for Pt/C and Co/C, C-PNIPAM was used as the support material for Pt/C-PNIPAM and Co/C-PNIPAM. The prepared catalysts were heat treated at 200°C for 2 h in an Ar atmosphere. 
Physical characterization
To confirm the quantity of PNIPAM functionalized on the carbon surface, thermogravimetric analysis (TGA) (Q50 TGA, TA Instruments, New Castle, DE, USA) was performed at a heating rate of 10°C min − 1 in an air atmosphere. Ultraviolet-visible (UV-Vis) spectra of the metal precursors dissolved in ethanol were recorded by an Agilent UV-Vis-NIR (Cary 5000, Santa Clara, CA, USA) spectrophotometer. Near-edge X-ray absorption fine structure (NEXAFS) measurements for C K-, N K-and Co L-edge were performed at the 10D XAS-KIST beamline with an electron-beam energy of 3 GeV and a maximum stored current of 250 mA at the Pohang Accelerator Lab (PAL, Pohang, Korea). The NEXAFS spectra were collected in the total electron yield mode by recording the sample drain current. X-ray absorption near-edge structure (XANES) data for the Pt L 3 -edge were recorded using the 8C beamline at PAL with a Si (111) double crystal monochromator. The raw data were energy calibrated (using E 0 of the Pt foil), smoothed, backgroundcorrected and normalized using the Athena program in the IFEFFIT software package. The XPS spectra were obtained using the 8A1 beamline at PAL, and the resultant data were curve-fitted using XPSPEAK4.1 software. X-ray diffraction patterns were measured using the 9B beamline at PAL. Transmission electron microscope (TEM) images, energy-dispersive X-ray spectroscopy mapping images and line profiles of the samples were obtained by a Cscorrected scanning TEM (STEM) (JEM-ARM200F, JEOL, Tokyo, Japan).
Electrochemical characterization
All electrochemical measurements were conducted in a standard threecompartment electrochemical cell using the glassy carbon electrode from a rotating disk electrode (RDE) setup, a Pt wire and a saturated calomel electrode (SCE) as the working, counter and reference electrodes, respectively. PtCo/C, PtCo/C-PNIPAM, Pt/C and Pt/C-PNIPAM were tested at a room temperature in 0.1 M HClO 4 . For the Co/C and Co/C-PNIPAM samples, the electrochemical measurements were conducted at room temperature in 0.1 M KOH. All the potential values were reported versus the reversible hydrogen electrode (RHE). The RHE calibration was conducted in each solution by measuring the currents between the potential ranges for the hydrogen oxidation and evolution reactions with a Pt disk electrode. When the current at the Pt disk was zero at a certain potential value between the potential ranges for the hydrogen oxidation and evolution reactions, that potential value was defined as 0.00 V RHE for each solution. We conducted the potential shift by the potential value at zero current depending on the electrolyte used. The catalyst ink slurry was prepared by mixing each catalyst with 5 wt.% Nafion solution (Sigma-Aldrich), which acted as a binding material and 2-propanol (SK Chemical, Seongnam, Korea). Following mixing and sonication, a drop of the ink slurry was applied to the glassy carbon substrate (0.196 cm 2 , geometric surface area) and then dried. The dried electrode was then transferred to the electrochemical cell. Cyclic voltammograms (CVs) were obtained by cycling the potential between 0.05 V RHE and 1.05 V RHE at a scan rate of 20 mV s − 1 in Ar-saturated electrolytes. During the ORR tests, the potential was scanned at a rate of 5 mV s − 1 (from 0.05 V RHE to 1.05 V RHE ) and a rotating speed of 1600 r.p.m. in O 2 -saturated electrolytes. The accelerated durability tests (ADTs) for PtCo/C and PtCo/C-PNIPAM samples were performed by cycling the potential 5000 times at a scan rate of 100 mV s − 1 between 0.6 V RHE and 1.1 V RHE in O 2 -saturated 0.1 M HClO 4 . After 5000 cycles, the CVs and ORR polarization curves of the catalysts were measured again and compared with those of the catalysts before the ADT.
Computational details
Our first-principles calculations are within the framework of DFT with the Perdew-Burke Ernzerhof exchange-correlation energy functional based on a generalized gradient approximation. 40 We used a projector augmented-wave method as implemented by the Vienna ab initio simulation package (VASP). 41 The (111) surfaces were modeled with supercells comprising slabs of 4 × 4 in-plane unit cells containing 64 atoms with a thickness of four atomic layers and a vacuum of 10 Å. Kohn-Sham wave functions of the valence electrons were expanded in a plane wave basis with an energy cut-off of 450 eV. The Brillouin zone sampling was carried out using a Monkhorst Pack grid containing 3 × 3 × 1 k-points. Ionic relaxation was performed using the conjugate-gradient method until the forces were reduced to values less than 0.02 eV Å − 1 for atoms with unconstrained freedom. We considered a supercell with a = b = 10.60 Å and c = 17 Å. The optimized crystal structure for the CoPt (1:1) alloy was found to have tetragonal L1 0 symmetry with the P4/mmm space group and with lattice constants of a = 2.65 Å and c = 3.74 Å, in which Co occupies the 1a (0,0,0) site and Pt occupies the 1d (0.5,0.5,0.5) site (Supplementary Figure S1) . The (111) surface was constructed from this relaxed bulk structure (see Supplementary Figure S2a for the CoPt surface viewed along the crystallographic c-axis and Supplementary Figure S2b for the surface along the b-axis). The surface contains chains of Co and Pt atoms lying alternately in the a-b planes. The two bottom layers were fixed to their bulk positions while the two surface layers were allowed to relax. For the calculations of surfaces with ligands (either OH or NH 3 ), dipole correction was applied along the direction perpendicular to the metal surface.
RESULTS AND DISCUSSION
Electrochemically stable N-containing polymers such as PNIPAM were required because they needed to withstand low pH and high potentials during the ORR process in an acidic environment. Organic molecules are likely to detach from the surfaces of PtCo nanoparticles during electrochemical reactions if small organic molecules with short chain lengths are directly adsorbed without any anchoring site on the carbon surfaces for PtCo surface modification. Therefore, to covalently combine PNIPAM with the Vulcan carbon surface, C-PNIPAM was fabricated by an amide reaction between -COOH, a surface functional group on the carbon black and the -NH 2 of the amine-terminated PNIPAM (NH 2 -PNIPAM). 42 The -NH 2 groups of NH 2 -PNIPAM served as bridge groups only to form anchoring sites between the carbon surface and PNIPAM. As shown in Supplementary Figure S3 , the TGA curve of C-PNIPAM exhibited a~4 wt.% loss between 300 and 400°C, while that of pristine carbon without PNIPAM hardly changed in the same temperature region. However, both of the carbon materials with and without PNIPAM were burned out at a similar temperature between 600 and 750°C. Therefore, we could conclude that the carbon surface of C-PNIPAM was functionalized with as much as~4 wt.% PNIPAM, based on the TGA curves of different kinds of carbon materials. 43, 44 Pt and Co precursors were homogeneously mixed in a C-PNIPAM-dispersed solvent and then rapidly reduced to the metal nanoparticles by NaBH 4 , which acted as the reducing agent. To clarify the effects of PNIPAM on the Co electronic structure, monometallic Pt and Co nanoparticles were also prepared using carbon with and without PNIPAM (that is, Pt/C-PNIPAM, Pt/C, Co/C-PNIPAM and Co/C as well as the traditional PtCo/C without PNIPAM). Prior to the nanoparticle synthesis, the interactions between the metal precursors and PNIPAM were confirmed by UV-Vis spectral measurements. Interestingly, as shown in Figure 2a , the spectra indicated that only the Co precursor interacted strongly with PNIPAM in the region between 400 and 800 nm (as demonstrated by the decrease in the absorption intensity in this region), although both the Pt and Co precursors were present with PNIPAM in the solvent. While the Pt precursor showed light absorbance between 300 and 400 nm, there was hardly any charge transfer between the Pt precursor and PNIPAM, because the absorption intensities of the two samples were very similar in the spectral region regardless of the presence of PNIPAM. The decrease in the light absorbance of the Co precursor indicated that the d-orbital of the Co ions was occupied by electrons transferred from PNIPAM to the Co 2+ ion, which may be attributed to the formation of the Co 2+ -PNIPAM complex. This hypochromism can be explained by the formation of metal complexes due to the ligand-to-metal charge transfer. 45, 46 In addition, as shown in Supplementary Figure S4 , when the Co precursor used to prepare the Co/C-PNIPAM was mixed with PNIPAM, it also exhibited hypo-chromism due to the presence of PNIPAM, whereas the Pt precursor used for preparing for Pt/C-PNIPAM was not affected by PNIPAM as in the case of PtCo-PNIPAM, shown in Figure 2a . Therefore, only the Co precursor exhibited selective interaction with PNIPAM. After the PtCo nanoparticle synthesis, the NEXAFS of carbons was measured to prove the PNIPAM functionalization on carbon and to study the interaction between the metal nanoparticles and the chemically attached PNIPAM on the carbon surfaces (Figure 2b ). The C K-edge features between 287 and 290 eV generally appear as a result of various functional groups on the carbon surface. 47, 48 In addition, the functionalization intensity in this region increases with the metal nanoparticle hybridization via the functional groups on the carbon surfaces. 47, 48 As shown in Figure 2b , bare carbon without PNIPAM or metal nanoparticles showed a low intensity in the energy region between 287 and 290 eV. Subsequently, the intensity slightly increased owing to a small number of functional groups (-COOH, -COO, -CO and so on) on the carbon surface interacting with the PtCo nanoparticles after PtCo/C was synthesized. However, PNIPAMfunctionalized C-PNIPAM had high functionalization intensity on its own due to the PNIPAM chemically attached to the carbon surface. In addition, PtCo/C-PNIPAM showed a much higher intensity in the energy region, which was attributed to the strong hybridization effects after the PtCo nanoparticle formation on C-PNIPAM.
Furthermore, as shown in Figure 2c and Supplementary Table S1, the metal-N bond formation was confirmed to be as high as~48% of all the N contents in PNIPAM from N 1 s core-level XPS of PtCo/C-PNIPAM, while C-PNIPAM only exhibited an amide N peak as a result of the basic structure of PNIPAM. 49, 50 As expected, N peaks were not present in the XPS spectra of bare carbon and PtCo/C, as shown in Supplementary Figure S5 . However, metal-N bonds only formed in the case of Co/C-PNIPAM and not in Pt/C-PNIPAM, as shown in Supplementary Figure S6 and Supplementary Table S1 . This implies that the interaction between Pt and PNIPAM was negligible compared with that between Co and PNIPAM. Therefore, based on the UV-Vis and XPS spectra, it is likely that Co-N bonds formed preferentially over Pt-N.
As shown in Figure 2d , the π* absorption peak for the amide N (~401.5 eV) of PtCo/C-PNIPAM was significantly decreased compared with that of C-PNIPAM, which means that the amide N sites of PNIPAM may be used to form Co-N bonds on PtCo nanoparticles. 47, 51, 52 In addition, the σ* absorption feature (~405 eV) of PtCo/C-PNIPAM broadened, and its intensity was reduced, which may be attributed to a geometrical change for the C-N bond from sp 2 to sp 3 configurations by the interaction between the surface Co on the PtCo nanoparticles and the amide N in the PNIPAM functionalized on the carbon surfaces. 47 In addition, as shown in Supplementary Figure S7 , both PtCo/C-PNIPAM and PtCo/C showed similar patterns in the X-ray diffraction measurements related to their periodic bulk structures rather than their surface structures. Consequently, it may be concluded that PtCo alloy nanoparticles with Pt-(Co-N surf ) formed on the surfaces were successfully synthesized using C-PNIPAM as a support material.
However, as shown in Figures 3a and b , it was difficult to discern the morphological differences between PtCo/C-PNIPAM and PtCo/C samples in the TEM images. Therefore, to visually demonstrate the existence of Pt-(Co-N surf ) in PtCo/C-PNIPAM, energy-dispersive Organic-inorganic hybrid PtCo nanoparticle N Jung et al interaction with PNIPAM, which donates the electrons, as shown in Figure 2a . However, once the Pt-(Co-N surf ) surfaces were formed by a strong reducing agent, the extra electrons in the surface Co atoms were expected to transfer instantly to the d-orbitals of the surface Pt atoms, owing to the increase in the electronegativity difference between Pt and Co. In fact, as shown in Figure 4 , the electronic structures of Co and Pt in PtCo/C-PNIPAM changed dramatically as a result of the interactions with PNIPAM. The Co L-edge NEXAFS and Pt L 3 -edge XANES spectra shown in Figures 4a and b , respectively, confirmed that the d-orbital in the Co atoms lost more electrons and that the number of Pt d-band vacancies was lower in PtCo/C-PNIPAM than in PtCo/C. In general, as Co has a higher oxidation state (that is, it loses more electrons), Co L-edge absorption peaks are positively shifted because a higher energy is required to excite the 2p electrons strongly bounded to the less-screened nucleus. 47, 53, 54 In this study, the more positive shift of the absorption peaks in Co L 3 -edge NEXAFS of PtCo/C-PNIPAM means that Co lost more 3d electrons in PtCo/C-PNIPAM than in PtCo/C, and the electrons were transferred to Pt (as indicated by a decrease in the white line intensity of Pt L 3 -edge XANES) in PtCo/C-PNIPAM. This implies that the electron transfer from Co to Pt was significantly enhanced in PtCo/C-PNIPAM, which can be confirmed by investigating the changes in the electronic structure of the other samples. As expected from the UV-Vis spectra, in the cases of Pt/C-PNIPAM and Pt/C, the Pt electronic structures were completely identical to the results obtained from the Pt L 3 -edge XANES spectra, shown in Supplementary Figure S8a . In sharp contrast, as shown in Supplementary Figure S8b , the absorption intensity of Co/C-PNIPAM was higher in the low energy region than that of Co/C, implying that Co/C-PNIPAM could have higher d-orbital filling than Co/C owing to the absence of more electronegative hetero metal atoms such as Pt that could receive the excess electrons from the Co atoms. Therefore, the explanation for the enhanced electron transfer in PtCo/C-PNIPAM was considered to be appropriate.
In terms of the chemical structure, as shown in the Co 2p XPS spectra in Figure 4c , the Co-N peak at 782.0 eV indicated the presence of Co-N on the surface of PtCo/C-PNIPAM, 49, 50, 55 whereas PtCo/C showed peaks at 781.1 eV and 778.8 eV, which are attributed to Co (OH) 2 and metallic Co, respectively (Supplementary Table S2) . 56 In addition, as shown in Figure 4d , the peaks in the Pt 4 f XPS spectra for PtCo/C-PNIPAM were shifted to binding energies 0.2 eV higher than those corresponding to PtCo/C, even though the oxidation states of Pt were similar in both catalysts (Supplementary Figure S9 and Supplementary Table S3 ). The features in the Pt 4 f XPS spectra for PtCo/C-PNIPAM indicated a downshift in the electronic structure at the core level, which ultimately involved a Pt d-band downshift. 57, 58 Therefore, without physically blocking the active Pt surfaces, the Pt electronic structure was successfully modified by the electronic ensemble effect between Pt and Co-N surf on the surface of the PtCo nanoparticles.
To study the electrochemical properties of PtCo nanoparticles containing Pt-(Co-N surf ) on the surface, the ORR polarization curves and CVs for PtCo/C-PNIPAM and PtCo/C were obtained before and after the ADT. The ADT included 5000 cycles between potentials of 0.6 V RHE and 1.1 V RHE in an O 2 -saturated 0.1 M HClO 4 electrolyte. Before the electrochemical tests, the ORR activity of C-PNIPAM was confirmed to be very low but comparable to that of pristine carbon, as shown in Supplementary Figure S10 . Therefore, the PNIPAM Organic-inorganic hybrid PtCo nanoparticle N Jung et al functionalization rarely had an effect on the ORR activity of the carbon support material. While PtM alloy catalysts such as PtCo/C generally have much higher initial ORR activities than the Pt catalyst due to the electronic ligand effect of the electron transfer from the TM to Pt, they also rapidly degrade owing to the TM oxidation and dissolution. 5, 26 The surface Pt can also be concomitantly oxidized owing to the collapse of its initial structure by the TM dissolution in the ADT. 59 As expected, both PtCo/C and PtCo/C-PNIPAM had much higher ORR activities compared with Pt/C (Supplementary Figure S11) . However, as shown in Figures 5a and b , PtCo/C-PNIPAM showed superior ORR activity and durability than PtCo/C. The initial ORR activity of PtCo/C-PNIPAM was considerably enhanced over that of PtCo/C owing to the Pt d-band downshift as a result of the electronic ensemble effect between Pt and Co-N surf , as mentioned above. The half-wave potential (E 1/2 ) of PtCo/C-PNIPAM (0.95 V RHE ) was 20 mV higher than that of PtCo/C (0.93 V RHE ) before the ADTs. In addition, the specific activity of PtCo/C-PNIPAM containing surface Co-N bonds (which was~11% lower) could be maintained even after the harsh ADT, whereas that of PtCo/C without PNIPAM was significantly degraded by~42%. The excellent performance of PtCo/C-PNIPAM containing surface Co-N bonds could be attributed to the N attached to the Co sites on the PtCo nanoparticle surface, which prevents the further oxidation of the surface Co atoms by external O species such as O 2 gas, H 2 O, OH ad and so on This can be indirectly inferred from the lower ORR activity of Co/C-PNIPAM compared with that of Co/C in 0.1 M KOH, as shown in Supplementary Figure S12a . The surface Co atoms in Co/C are used as active materials for the ORR in KOH because they can withstand dissolution in alkaline solutions. However, the surface Co atoms in Co/C-PNIPAM were unable to react sufficiently with the O 2 gas in the electrolyte because some of the active surface Co sites were blocked by the N moieties due to the surface Co-N bond formation. On the other hand, Pt/C-PNIPAM and Pt/C showed almost the same ORR activities in O 2 -saturated 0.1 M HClO 4 because the Pt was not affected by PNIPAM (Supplementary Figure S12b) .
Furthermore, as shown in Figure 5c and Supplementary Table S4 , PtCo/C-PNIPAM and PtCo/C had similar electrochemical surface areas before the ADT because the active surface Pt atoms were physically intact during the selective Co-N bond formation in PtCo/C-PNIPAM. However, after the ADT, although the electrochemical surface area of PtCo/C was significantly reduced by 23.6%, that of PtCo/C-PNIPAM was only slightly decreased by 3.1% because of the electrochemical stability of the Co-N bonds in the proximity of Pt. As shown in Figure 6 , PtCo nanoparticles on the PtCo/C after the ADT agglomerated together into larger particles with irregular shapes compared with those before the ADT. In sharp contrast, the particle morphology of PtCo/C-PNIPAM changed very little and was found to be quite stable even after the ADT. It was hypothesized that the N moiety on the surface Co atoms could prevent oxidative O species from accessing the Co atoms. The oxidation and dissolution of Pt were also inhibited because the O-binding energy of Pt decreased owing to the Pt d-band downshift in PtCo/C-PNIPAM. Consequently, by exploiting the surface ensemble effects as a result of the selective Co-N surf formation near the surface Pt atoms, we were able to indirectly tailor the Pt electronic structure to enhance the ORR activity and simultaneously suppress the degradation of the catalytic activity of PtCo nanoparticles.
To clearly explain the electronic ensemble effect, DFT calculations were conducted for the modified PtCo alloy surfaces. We considered the NH 3 -adsorbed PtCo surface as a model system for simulating the Pt-(Co-N surf ) surface structure of the PtCo/C-PNIPAM catalyst. First, we found that the on-top site is most energetically favorable for NH 3 -adsorption on the (111) surfaces of either pure Co/Pt or the PtCo alloy. In the case of the PtCo alloy surface, the calculated adsorption energies of NH 3 attached to Co and Pt were 0.80 eV and 0.66 eV, respectively, showing that NH 3 adsorption occurs preferentially on the Co sites rather than the Pt sites. After obtaining the basic surface structures, we determined the number of extra electrons per Pt ion at the surface (topmost layer) using Bader Figure 5 Electrochemical properties of catalysts before and after ADTs. The changes in (a) the ORR polarization curves (E 1/2 indicates the half-wave potential of the catalysts in the ORR polarization curves measured before the ADTs), (b) the specific activities at 0.9 V RHE for the ORR, and (c) the CVs for PtCo/C and PtCo/C-PNIPAM before and after the ADTs. ADT, accelerated durability test; CV, Cyclic voltammogram; ORR, oxygen reduction reaction.
Organic-inorganic hybrid PtCo nanoparticle N Jung et al analysis 60 for three different cases, namely (a) a pure PtCo surface, (b) a PtCo surface saturated with OH, and (c) a PtCo surface saturated with NH 3 . For case c, the ligand (-NH 3 ) is attached to the TM site, whereas in case b, the ligand (-OH) is attached to the fcc-hollow site, to which OH binds strongly. All the estimates of the number of extra electrons are relative to the number of electrons in a Pt atom at the pure Pt (111) surface. The number of extra electrons per Pt atom was determined to be 0.5, 0.4 and 0.6 for the pure PtCo surface, the PtCo surface saturated with OH and the PtCo surface saturated with NH 3 , Figure 6 TEM images of (a and b) PtCo/C and (c and d) PtCo/C-PNIPAM after the ADTs. The size distribution and average diameter (d = 4.6 nm) of PtCo nanoparticles in PtCo/C-PNIPAM were indicated in (d). However, the PtCo particle size in PtCo/C could not be defined due to the irregular particle shapes after the ADT. ADT, accelerated durability test; TEM, transmission electron microscope. respectively. This clearly demonstrates that the presence of a more weakly electronegative element such as N in the ligand leads to enhanced electron transfer from Co to Pt, as shown in Figure 7 , which is consistent with the changes in the electronic structures of the prepared catalysts shown in Figure 4 . To confirm the electrochemical stability of the Co atoms at the surface, we calculated the vacancy formation energies of Co in a bare PtCo surface, Co-OH in a PtCo surface saturated with OH and Co-NH 3 in a PtCo surface saturated with NH 3 . The vacancy formation energies for the three cases were 5.40 eV, 6.25 eV and 8.01 eV, respectively, which shows that the oxidation and dissolution of Co in aqueous electrolytes can be significantly reduced by the electronic ensemble effect via NH 3 treatment. We also determined the Pt-O adsorption energies for different surfaces to investigate the relationship between the surface structures and the electrochemical durability of the catalysts because the adsorption energy is closely related to the oxidation and degradation of the Pt surface during the ORR under acidic conditions. For a general PtCo surface saturated with OH, the Pt-O adsorption energy was 0.590 eV due to the occupation of excess OH, whereas that of a bare PtCo surface was 3.385 eV. However, in terms of the surface oxidation state, it is difficult to accept the simulated result of the Pt-O adsorption energy for a PtCo surface saturated with OH, because the surface Pt atoms, which are already occupied by OH on the fcc-hollow site, may be electrochemically unstable. Therefore, to obtain meaningful results, the Pt-O adsorption energy of NH 3 -saturated PtCo should be compared with those of bare PtCo (3.385 eV) and pure Pt (4.490 eV) surfaces. Consequently, the Pt-O adsorption energy for PtCo saturated with NH 3 was significantly reduced to 2.890 eV as a result of the Co-N surf formation. These results indicate that the oxidation and/or dissolution of Pt can also be considerably retarded by the surface passivation of Co by N ligands. Therefore, the selective interaction of a TM with NH 3 helps not only in the process of charge transfer from TMs to Pt but also in reducing the dissolution and oxidation of the surface Pt and TM atoms. Therefore, our calculations clearly demonstrated that the surface ensemble effects between Pt and the surrounding Co-N tailor the electronic structure of Pt in a manner that enhances the ORR activity and the durability of the system, as shown in Figure 8 .
CONCLUSIONS
We have proposed a new synthesis strategy to selectively attach a less electronegative N moiety to the surface Co atoms (the Co-N surf formation) to simultaneously enhance electron transfer from Co to Pt and prevent the oxidation of Co atoms on PtCo nanoparticle surfaces. Carbon functionalized with a polymer containing amide groups (N moieties), C-PNIPAM, was used as a support material instead of bare carbon black. PNIPAM selectively and strongly interacted with the Co precursor, which resulted in the formation of Co-N surf on the PtCo nanoparticles without affecting the surface Pt atoms. As a result, in PtCo/C-PNIPAM, the electron transfer from Co to Pt was considerably enhanced owing to an increase in the electronegativity difference between Pt and Co atoms. Thanks to the electronic ensemble effects between Pt and Co-N surf , the ORR activity was significantly increased. PtCo/C-PNIPAM also showed much higher durability during the ADT because the Co-N surf formation hindered the access of the O species to the Co atoms, and the Pt d-band was filled by excess electrons transferred from Co. The synthesis strategy for PtCo nanoparticles proposed in this study involving the use of C-PNIPAM as a support material is unique because the electronic structure of the active surface Pt can be indirectly tailored by selectively modifying the TM surface during the PtM alloy synthesis. The proposed organic/inorganic hybrid concept will also provide new insights into the tuning of nanomaterials consisting of heterogeneous metallic elements for various electrochemical and chemical applications.
